The objectives of this study were to construct a farm-scale diet optimization model to identify opportunities to reduce land use, water use, and greenhouse gas (GHG) emissions within dairy production systems and to assess how improved energy and protein use efficiency affect opportunities to reduce these environmental impacts (EI) of dairy production systems. Non-linear programming was used to adjust monthly diets fed to 10 cattle groups to minimize EI associated with an average United States dairy farm. System boundaries extended from the inputs to the cropping system to the dairy farm gate. The effects of improved feed efficiency were modeled as a 15% decrease in maintenance energy or metabolizable protein requirements. Least-cost optimization was used as a baseline. A total of 28 scenarios were simulated which varied in objective, biological efficiency, and allowable cost increase. Objectives included minimizing land, water, or GHG emissions individually or all together. Biological efficiencies reflected either currently achieved efficiencies, improved energy efficiency, improved protein efficiency or improved energy and protein efficiency. Allowable cost increases were adjusted from 1% to 20% above baseline. Baseline land use (1.20 m 2 /kg milk), water use (1.10 m 3 /kg) and GHG emissions (0.70 kg CO 2 e/kg) agreed with established values for U.S. dairies. Within the allowable cost range, EI metrics could be simultaneously reduced by 4.4 to 25.5%. When both energy and protein efficiency were improved, land use, water use, and GHG emission reductions ranged from 23.4 to 35.5%. Diminishing environmental returns to cost increases were apparent. Cost of achieving a 25% reduction in the environmental impacts considered in this study was decreased 78.9% when energy and protein efficiency improved compared with the national average production efficiency scenario. Improving energy-and protein-use efficiency of dairy cattle represents a promising way to reduce land use, water use, and GHG emissions without sacrificing profitability.
Introduction
Global population is expected to reach 9.4 billion by 2050 (U.S. Census Bureau, 2013) and demand for meat and milk is expected to rise substantially (Delgado, 2003) . These global dynamics suggest a need to improve the sustainability of food production systems. Optimizing animal nutrition is one method of improving sustainability of ruminant production systems (White et al., , 2015 . Within U.S. dairy production, emphasis has been placed on single-target management goals such as minimizing N excretion (Kebreab et al., 2001) , controlling ammonia emissions (Hristov et al., 2011) or reducing phosphorus elimination (Ghebremichael et al., 2007; Spears et al., 2003) . Within the farm system, these single-target goals often require trade-offs and net increases in other important environmental metrics (Tozer and Stokes, 2001; .
Whole-farm models have been constructed to better understand the whole-system environmental impact of dairy farm management (Beukes et al., 2008; Capper et al., 2009; Crosson et al., 2011; del Prado et al., 2009; Rotz et al., 2010; Shalloo et al., 2004) and have revealed a strong relationship between efficiency and reduced environmental impact (Capper and Bauman, 2013) . Improving feed efficiency is one method of improving productivity. Animal nutrition research has focused on improving energy-and protein-use efficiency; however, the potential environmental benefit of these research avenues has not been well investigated.
The objective of this study was to construct a whole-farm diet optimization model to identify opportunities to reduce land use, water use and greenhouse gas (GHG) emissions within dairy production systems. A subsequent objective was to assess how improved energyand protein-use efficiency could affect the opportunities to reduce environmental impact of dairy production systems. It was hypothesized that improved energy and protein efficiency would provide substantial opportunity to reduce land, water, and GHG emissions attributable to milk production.
Materials and methods
A multi-objective optimization model (Tozer and Stokes, 2001; White et al., , 2015 was developed to quantify diet cost, land use, water use, and GHG associated with dairy production systems in the U.S (Fig. 1) . The model simulated a 1-year timeframe. Inputs to the model included cattle populations, weights, nutrient requirements, dry matter intake, and feed composition. The model used non-linear programming to adjust diets fed to 10 cattle groups to minimize diet cost or land use, water use, and GHG emissions per kg milk produced. The model was run using the Generic Algebraic Modeling System (GAMS; Generic Algebraic Modeling System Development Corporation, 2012). Outputs were compared to previously published estimates of U.S. dairy environmental impact. The environmental and economic benefits of improving nutrient-use efficiency were assessed by optimizing scenarios with improved energy-, protein-or energy-and protein-use efficiency.
Model inputs

Cattle group specifications and nutrient requirements
Animal populations were based on culling rates, conception rates, proportion of female calves and the number of mature breeding cows in the herd. In a recent survey of U.S. dairies, 82.2% of cows were managed on conventional operations (as defined by USDA/APHIS, 2007) and 90.1% were Holstein (USDA/APHIS, 2007) thus a conventional, Holstein system was modeled. Herd rolling average milk yield per cow was assumed to conform to the national average of 10,219 kg/305 d (USDA/APHIS, 2007). The equations in this model rely on set notation. Set notation applies a common equation type to a series of elements (cattle populations, feeds, etc.) where some aspect of that equation is unique to each element. All sets are comprised of a series of elements and subsets create secondary groupings of elements in a set (lactating cows within cattle populations, forages within feeds). The sets used herein, their elements, and any subsets are listed in Table 1 . Equations and key input parameters governing animal populations are included in Table 2 . Cows that failed to conceive were assumed to be culled annually. Culling rate was assumed to increase with age, and cows were culled entirely from the herd at 60 m of age.
The resultant average culling age was 38 m of age which is representative of the average U.S. culling rate (USDA/APHIS, 2007).
Net energy and metabolizable protein requirements of the cattle groups were calculated based on National Research Council (2001) nutrient requirements of dairy cattle. Diets were also balanced to ensure sufficient macro (Ca, P, Mg, Cl, K, Na, and S) and micro (Co, Cu, I, Fe, Mn, Se, Zn) mineral and vitamin (A, D, E) supplies. Requirements of minerals and vitamins were calculated following the recommendations of the National Research Council (2001) nutrient requirements of dairy cattle model.
Several nutritional constraints were included in the model (Table 3) . Diets were balanced for 10 animal groups (a) on a monthly (m) basis. Each diet needed to contain nutrient (n) concentrations greater than or equal to the required amount (Req) of each nutrient (n). The amount of a nutrient provided in the diet was the product of dry matter intake (DMI) and the concentration of the nutrient (Conc) in the diet. Total feed consumption needed to be less than the maximum consumption (MaxDM) predicted by National Research Council (2001) . Practicality constraints were included to limit the maximum amount of a feed (UpLim) that could be included in the diet. Additionally, minimum dietary acid detergent fiber (ADF) concentrations were constrained to ensure that realistic balances of forages and concentrates were included.
Environmental calculations are detailed in Table 4 . Environmental impacts from animals within the model included enteric and manure CH 4 emissions along with direct, leached and volatilized N 2 O emissions. An equation presented in Moe and Tyrrell (1979) was used to predict enteric CH 4 emissions because this equation was more accurate and precise than other CH 4 predictions when evaluated against literature data (Ellis et al., 2010) . Tier II methods of the IPCC (2006) were used to calculate manure CH 4 and all N 2 O emissions. Manure emission factors (Table 5) were averaged based on the use of manure management systems in the U.S. (USDA/APHIS, 2007). Nitrogen excretion (NE) was calculated based on milk yield and crude protein concentration in the diet with functions specific to stages of production (ASAE, 2005; Thoma et al., 2013b) . Greenhouse gas emissions associated with infrastructure (CO2i) were based on electricity use for housing, milk cooling and storage following the values from Capper et al. (2008) and the carbon emissions for generation of electricity in the U.S. (0.18 kg CO2-equivalent/kWh; Davis and Diegel, 2010) . Drinking water consumption was calculated as a function of temperature, milk yield, body weight, and sodium concentration in the diet (Meyer et al., 2004) . Water use for processing (H2Op) was calculated based on the values from Capper et al. (2008) .
Crop and byproduct production parameters
Each run of the optimizer adjusted feedstuffs used in cattle diets to achieve an objective. Individual feedstuff nutrient composition, land requirement, water use, and GHG emissions were inputs to the model. These values are listed in the online Supplementary material. Feed composition was sourced from the National Research Council (2001) nutrient requirements of dairy cattle feed library. Many dairies produce a substantial proportion of feed on-farm. Onfarm feeds were restricted to ensure that the amount of on-farm feeds fed did not exceed the amount of feed that could be produced from the available land on farm. Feeds available for on-farm production were forages, hays and silages.
Land use, water use and GHG emissions associated with feed production were sourced from the Agrifootprint database, USDA/NASS (2007); USDA/ERS (2012), and a database maintained by University of Arkansas (Burek et al., 2014) . Crop GHG emissions represented CO 2 and N 2 O emissions from the manufacture of inputs to the cropping system through the feed mill gate. Additional GHG emissions accounted for included transport of feeds for off-farm feeds. It was assumed that all grain traveled an average of 1000 km prior to being fed to cattle. This distance was selected as approximately half of the distance from the Midwest, where most U.S. grain is grown, to the East Coast. Greenhouse gas emissions for freight rail transport were calculated from the energy intensity of freight transport (Davis and Diegel, 2010) and GHG intensity of energy generation to yield an extra 3.5 g CO 2 /kg feed.
Diet purchase and production costs
Diet cost was calculated based on the sum of off-farm feed purchase costs and on-farm feed production costs. Off-farm costs were based on current average commodity, feed, and byproduct prices (Horner and Sexten, 2014 ; USDA/ERS, 2012). On-farm costs were also based on current average commodity costs; however, it was assumed that onfarm production costs for feeds averaged 85% of purchase costs, reflecting the additional acquisition costs associated with off-farm feeds. a Elements in the animal population were defined by an alphanumeric code where the letter indicated sex (female, c; male, b) and the number indicates age (0 to 1 y, 1; 1 to 2 y, 2; and so forth). b The ⊂ symbol indicates ownership. The subset defined to the left of the symbol is comprised of elements of the set defined on the right side of the symbol. Eq. # Equation
a When values are specific to an element of a set, the elements are defined in the parameter column and the values specific to those elements are defined using the same outline in the value section. b Value represents recommended age at first calving. c Value represents recommended calving interval, U.S. average is 13.2 m. d Average removal from operations (23.6%) was multiplied by the proportion of cows going to market, auction or stockyard (76.2%) or to a packer or slaughter plant (17.5%). e Average daily gains for pre-weaning (0.97 kg/d), pre-breeding (0.54 kg/d), and post-breeding (0.65 kg/d) animals were calculated based on AOW, AOC and an 8 m gestation.
Model objectives and simulations
A total of 28 scenarios were simulated. Five scenarios were modeled to assess the current opportunities to reduce environmental impact of dairy production. The baseline scenario minimized total feed cost given a set level of milk production (LC) because it was assumed that producers operate under least-cost management. Environmental impacts and diet cost of the LC scenario was compared to all other scenarios. Three single-objective scenarios were then conducted in which land use (LL10), water use (LW10) and GHG emissions (LG10) per kg of milk produced were minimized. The objective functions for these scenarios are listed in Table 6 .
The outputted land use, water use, and GHG emissions were scaled by the population (Pop) of an animal group (a) within the model at any month (m). Land use depended predominantly on crop yields (Yield). Water use depended on drinking (Drink) and irrigation (Irrig) water use. Greenhouse gases (methane, CH4; nitrous oxide, N2O; and carbon dioxide, CO2) were converted to CO 2 -equivalents using 100-yr warming potentials (IPCC, 2007) . Single objective environmental scenarios often result in substantial tradeoffs between environmental output metrics . A multi-objective optimization (LA10) was conducted to simultaneously minimize land use, water use, and GHG emissions compared with the least-cost scenario land use (LCland), water use (LCh2o), and GHG emissions (LCghg). White and Brady (2014) highlighted the relationship between allowable diet cost increases and opportunities to reduce environmental impact. To simulate a realistic budget constraint, the LW10, LL10 and LG10 scenarios were constrained to allow a 10% increase in cost over the LC scenario.
To better understand the trade-offs between cost and environmental impact reduction, a series of 8 more scenarios were conducted minimizing land use (LL1; LL5), water use (LW1; LW5), GHG emissions (LG1;
LG5) or all environmental impact metrics (LA1; LA5), with the additional constraint that diet cost could not exceed a 1% or 5% increase over the cost in the LC scenario. The cost increase is indicated in the scenario abbreviation by the number. For example, LA1 allowed a 1% increase in cost and LA5 allowed a 5% increase.
To identify how different animal nutrition research avenues might help to minimize land use, water use or GHG emissions from U.S. dairy cattle production systems, scenarios minimizing all metrics (LA x ) were compared to scenarios with improved energy (LAE x ), protein (LAP x ) and energy and protein (LAEP x ) efficiencies. Allowable cost increases (X in the previous abbreviations) were 1, 5, 10, 15 and 20% above the least cost scenario resulting in 20 scenarios for comparison. Energy-use efficiency and protein-use efficiency were increased by 15% either individually or collectively. Improved energy-use efficiency was modeled as a 15% decrease in the allometric energy constant used to calculate maintenance energy requirement of cattle within the system. A 15% improvement in protein-use efficiency was modeled as a 15% decrease in maintenance metabolizable protein requirements.
These metrics were selected because they may represent targets that can be selected for genetically or manipulated nutritionally. Energy balance studies show moderate variability in heat production as a function of metabolizable energy (ME) intake (Moe, 1981) . Animals with low residual heat production will lose less heat per unit of ME intake than the average animal in the population. If markers can be identified that correlate with these animals that produce less residual heat, there may be opportunities to select for animals that have a lower maintenance requirement, thereby diluting maintenance of the dairy population. Dilution of maintenance is key to improving environmental impact (Capper and Bauman, 2013) and has positive benefits on economic viability of livestock operations (White and Capper, 2013) .
In low-protein diets with balanced amino-acid composition, there is opportunity to reduce total protein intake without compromising milk production (Lee et al., 2012) . Although this does not directly imply a reduced maintenance requirement for protein, maintenance protein requirements are currently based on broad protein indices (crude, metabolizable, etc.) and thus likely over-predict maintenance requirements based on amino acids. Better characterization of dairy cattle amino acid requirements may help to reduce total protein intake and improve nitrogen use efficiency in dairy cattle.
Results and discussion
Evaluating baseline performance
Environmental output metrics from LC are compared to ranges established by previous literature in Table 7 . A summary of the growing (Fig. 2 ) and lactating diets (Fig. 3) represented the range given in previously published literature (Holter and Young, 1992; Sauer et al., 1998) very well. Enteric CH 4 emissions on calves, bulls and growing replacements animals are infrequently reported; however, Johnson and Johnson (1995) suggest a range of 2 to 12% of gross energy intake is possible. The emissions from these cattle groups ranged from 5 to 6% of gross energy emissions, which was well within the established range and a good representation of cattle on forage diets. Manure N 2 O and CH 4 emissions reported by Amon et al. (2001) ranged from 0.14 to 1.19 g/d and 170 to 218 g/d, respectively. The manure emissions modeled in this study agreed with these ranges.
The LC scenario predicted 0.70 kg CO 2 -e/kg milk. Global estimates of milk carbon footprint are moderately variable (De Vries and De Boer, 2010) . Estimates GHG emissions from U.S. milk production systems typically range between 0.53 (Rotz et al., 2010 ) and 1.23 (Thoma et al., 2013a) . Dalgaard et al. (2014) (2007) as "other" or having a manure management system that did not fall into a category specified by IPCC (2006) were assumed to use a manure spreader. c Abbreviations reflect input variables used in Table 5 . 1.80 kg CO 2 -e/kg but land use change was included in these emissions calculations and contributed to the higher values. The elevated baseline GHG emissions identified in this study may be a result of modeling different efficiencies within the farm system. The range in GHG emissions estimated from surveyed farm systems in Thoma et al. (2013a) varied from 0.75 kg CO 2 -e/kg to greater than 2.5 kg CO 2 -e/kg, demonstrating substantial variability in GHG emissions per kg product. Considering this variability, the GHG emissions estimated within this study conform well to established ranges. Land use in the LC scenario was estimated at 1.22 m 2 /kg milk. Previous studies have estimated land use at 1.62 m 2 (Capper et al., 2009) which was close to the value estimated in this study and to the values reported for an average New Zealand farm (Basset-Mens et al., 2009) or a commercial dairy in the Netherlands (Thomassen et al., 2008) . Land use can vary substantially depending on the feeding system. For example, Irish farms utilized between 0.64 and 0.84 m 2 per kg milk produced (Lovett et al., 2006) . Similarly, Cederberg and Mattsson (2000) identified that the land use of Swedish conventional (1.93 m 2 /kg) and organic (3.46 m 2 /kg) differed substantially. The LC lactating cow diets relied heavily on byproduct feeds. As such, it is not surprising that the land use in this study was slightly lower than those identified previously for U.S. systems (Capper et al., 2009) .
Water required to produce milk also varied substantially depending on diet. Mekonnen and Hoekstra (2010) developed a water use accounting method to fully account for the green, gray and blue water required to produce animal-derived food products. In general, this method tends to predict higher water use than diet optimization models likely because additional water requirements are allocated to livestock products. Global average dairy water use has been estimated at 1.83 m 3 /kg with a range of 0.74 to 5.6 m 3 /kg (Sultana et al., 2015) . The baseline water use value in the present study was well within this range (1.10 m 3 /kg) but substantially lower than the values of Mekonnen and Hoekstra (2010) .
Opportunities to minimize land, water or greenhouse gas emissions
Reductions in land use, water use, and GHG emissions are presented in Fig. 4 . Land required to produce 1 kg of milk decreased 32, 62 or 75% with cost increases of 1, 5 or 10% compared to LC. When land use was targeted, simultaneous reductions in water and GHG emissions were realized. The lack of tradeoffs between land, water and GHG emissions was not expected. Previous environmental multi-objective optimization exercises for beef and dairy cattle (Tozer and Stokes, 2001) reported substantial competition between environmental metrics. The additional feeds available in this analysis may be one reason why the trade-offs between land and water observed in did not appear. Additionally, several of the feeds available in the analysis are byproducts. Because the land, water and carbon resources for these products are allocated between a primary product and feed byproducts, the environmental intensity is often lower than nutritionally-comparable primary feed products.
Under a tight budget constraint (LL1), dairy diets relied primarily on potato byproducts, wheat grain, straw and middlings. As the budget constraint relaxed (LL5 and LL10), potato byproducts were swapped Sultana et al. (2015) and Mekonnen and Hoekstra (2010) 3 GHG Production system 0.70 0.53 to 1.23 kg CO 2 -e/kg Rotz et al. (2010) and Thoma et al. (2013a) 1 Metrics are as defined by equations in Tables 2, 3 and 4. 2 Gross energy intake (GEI). 3 Only the blue water footprint was sourced from Mekonnen and Hoekstra (2010) . Fig. 2 . Growing heifer diets fed in each scenario. Scenarios included minimizing costs (LC), minimizing water at cost increases of 1, 5 and 10% above baseline (LW1, LW5, LW10), minimizing land use at cost increases of 1, 5 and 10% above baseline (LW1, LW5, LW10), minimizing greenhouse gas emissions at 1, 5 and 10% above baseline (LG1, LG5, LG10), and minimizing land use, water use and greenhouse gas emissions at 1, 5 and 10% cost increases above baseline (LA1, LA5, LA10).
for maize silage, maize gluten meal, grass silage, and increasing concentrations of wheat middlings were used. Growing cattle diets under a tight budget constraint employed grass pasture and switched to maize silage (LL5), supplemented with molasses (LL10) as the budget constraint relaxed. Changes in lactating cow emissions were similar for LL1, LL5 and LL10. Individual enteric CH 4 emissions ranged from 420 g/d (LL5) to 440 g/d (LL1) and were not markedly different from enteric emissions in LC. Lactating cow manure CH 4 also was similar between land minimizing scenarios and did not differ substantially from LC. Manure N 2 O attributable to lactating cows ranged from 1.18 g/d (LL1) to 1.58 g/d (LL10). At a low budget constraint, N 2 O emissions were lower than those with LC. As the budget increased, emissions also increased to eventually exceed the baseline levels. Growing-cattle enteric and manure CH 4 emissions decreased as the budget constraint increased but manure N 2 O emissions also increased.
Water use, like land use, was readily minimized. Land use in the LW1 scenario was reduced 34% compared to that in LC. As the budget constrain increased, opportunities to decease water use increased (LW5: 60%; LW10: 73%). Water is an economically important commodity on dairy farms and reduced water availability can compromise farm profitability (Ho et al., 2014) . The substantial increase in affordable water use reductions achievable with increased budget flexibility identified here supports the expense of reducing water use.
Water-reducing diets varied with available cost increases. When a 1% increase was allowable, heifers were fed a diet composed of alfalfa meal, linseed meal and alfalfa pasture. Lactating cow diets also relied on alfalfa meal and linseed meal with the addition of barley grain, wheat grain, and meat and bone meal. In LW5 and LW10, heifer diets transitioned to alfalfa silage and to grass pasture, respectively. Growing cattle N 2 O emissions were reduced by 7% compared to those in LC and CH 4 did not change substantially. Lactating cow enteric CH 4 were reduced 5. Manure CH 4 and manure N 2 O increased 4 and 23%, respectively.
Minimizing GHG emissions was less efficient than land or water. In LG1, LG5 and LG10, 4, 15 and 20% reductions in GHG emissions were achieved, respectively. Targeting the reduction of GHG emissions from dairy production tended to result in increased water use. Analysis of individual animal emissions suggests that reducing N 2 O emissions was the primary strategy at a low budget constraint and targeting CH 4 became more important as the budget constraint relaxed. Mc Geough et al. (2012) found that reducing lactating cow CH 4 emissions was the most promising method of reducing GHG emissions for dairy production. The focus on CH 4 emissions at more flexible budget constraints supports this finding; however, the focus on N 2 O emissions at less flexible budget constraints suggests that improving N efficiency may be a more viable option for producers hesitant to increase operating costs.
Diets fed to lactating cattle in the LG scenarios relied on legume silage, molasses, maize silage, soybean, sunflower oil, and wheat middlings. At a low budget constraint, grass hay was used in place of legume silage, and rice bran and alfalfa meal were important diet components. Growing cattle diets relied on grass hay, potato byproduct meal, rice bran and soybean when allowable cost increases were low. As the budget constraint relaxed, legume silage and maize silage were relied upon more heavily. Fig. 3 . Lactating cow diets fed in each scenario. Scenarios included minimizing costs (LC), minimizing water at cost increases of 1, 5 and 10% above baseline (LW1, LW5, LW10), minimizing land use at cost increases of 1, 5 and 10% above baseline (LW1, LW5, LW10), minimizing greenhouse gas emissions at 1, 5 and 10% above baseline (LG1, LG5, LG10), and minimizing land use, water use and greenhouse gas emissions at 1, 5 and 10% cost increases above baseline (LA1, LA5, LA10). The results of this simulation depend on the assumption that different feed ingredients would always be available to the operation in question. In practice, feed ingredient availability varies by region and season, among other factors. Future work should attempt to better account for this spatial heterogeneity.
Opportunities to minimize land, water and greenhouse gas emissions
Greenhouse gas mitigation has been a primary focus of environmental research in recent years (Beauchemin et al., 2008; De Boer et al., 2011; Del Prado et al., 2013; FAO, 2013) . Although mitigation of GHG emissions is an important goal, the tradeoffs between GHG emissions and other environmental metrics suggest that policies oriented at improving GHG efficiency should concurrently consider water and land use. In LA1, water and GHG reductions of 3.4% were achievable and the diet required to minimize them simultaneously allowed for a 17% reduction in land use. This difference in output efficiency occasionally occurs in multi-objective optimization scenarios and is a result of highly competitive diet options, expensive feeding solutions and strict budget constraints. More frequently, as observed in LA5 and LA10, equivalent reductions in all metrics are observed. Here, a 5% cost increase helped reduce land, water and GHG emissions by 12.3%, and a 10% cost increase reduced environmental metrics by 19.1%. The relationship between land use, water use, and GHG emissions improvement and diet cost demonstrated diminishing returns to increasing costs.
The dietary strategy at LA1 differed from LA5 and LA10. In LA1 lactating cow diets relied on grass hay, rice bran, soybean, sunflower and vegetable oils, and meat and bone meal. This diet reduced enteric CH 4 by 9.3% and increased manure CH 4 and N 2 O emissions by 2.3 and 8.3%, respectively. Growing-cattle diets in LA1 relied on the same feedstuffs used in lactating cow diets with the substitution of grass pasture rather than grass hay. Like the diet for lactating cows, this diet offset emission changes (enteric: −18.9%; manure CH 4 : +4.8%; manure N 2 O: +8.3).
Impacts of animal nutrition research
At strict budget constraints (1% cost increase) improving energy efficiency substantially improved opportunities to reduce land use, water use, and GHG emissions (Fig. 5 ). Water and GHG reductions observed in LA1 were 3.4%, only a fraction of those achievable in LAE1 (21.5%). Improving protein-use efficiency was similarly effective and enabled a 6.9% reduction in land use, water use, and GHG emissions. If both energy-and protein-use efficiency were improved by 15%, the environmental impact reduction attainable with at a 1% cost increase was 7.2 times greater than in the LC scenario (14.7% compared with 5.9%). Previous studies on beef cattle (Cooprider et al., 2011; White and Capper, 2013) , aquaculture (Amirkolaie, 2011; Besson et al., 2014) , dairy cattle (Cederberg and Mattsson, 2000) , laying hens (Pelletier et al., 2014) , broilers (Pelletier, 2008) and swine (Dourmad et al., 2014) have linked improved efficiency with reduced GHG emissions per unit of product.
The results in this study and previous studies worldwide and across species suggest that reducing the feed required to produce an equivalent weight of product is a primary and essential strategy to mitigate GHG emissions or resource use in livestock production systems. Previous dairy studies have identified that GHG emissions is reduced when milk production, fertility or longevity are increased (Bell et al., 2011) . In a comparison of Swedish and New Zealand dairy production systems, feed efficiency was identified as one of the most important parameters controlling GHG-emissions intensity (Cederberg et al., 2009 ); the consequence of reducing feed efficiency by 10% was a 6.6 to 8.5% increase in GHG emissions. In a survey of Italian, Danish and German dairies, feed efficiency was identified as a primary factor contributing to environmental impact and was negatively correlated with GHG emissions, acidification and eutrophication potential (Guerci et al., 2013) . In the U.S., substantial farm-to-farm variability in GHG emission intensity was explained by differences in feed efficiency (Thoma et al., 2010) .
Several promising avenues of research exist that may help realize notable improvements in dairy feed efficiency. Initial studies suggest that obtaining genomic breeding values for cow DMI may be a promising strategy to improve feed efficiency and reduce GHG emissions (de Haas et al., 2014) . Although measuring individual cow DMI presents practical concerns on-farm, genetic variation in DMI can be primarily explained by production traits that are readily measured such as body weight, growth and milk yield (Berry and Crowley, 2013) . The environmental benefits from improving energy-use efficiency calculated in this study could be achieved by careful selection of more efficient cows. Another strategy to improve feed efficiency is to improve N-use efficiency (Jonker et al., 2002) . Feeding cows to amino acid requirements may be a promising way to improve N-use efficiency (Lee et al., 2012) . Predicting amino-acid requirements in lactating dairy cows remains challenging and thus improved understanding of amino-acid utilization is essential to this research effort (Arriola Apelo et al., 2014; Lapierre et al., 2014; Patton et al., 2014) . Optimizing milk protein synthesis is complicated by interactions between amino-acid balance, energy content and carbohydrate availability (Rius et al., 2010a,b) , and thus concurrent focus on energy and protein efficiency may be a more productive research focus. Additionally, results of this analysis demonstrate that the benefits of simultaneous improvements in energy and protein efficiency are substantial and greater than would be expected if the improvements were additive.
As cost increases above LC were allowed to increase, the relative economic benefits of improving energy-or protein-use efficiency decreased. Given that dairy producers often operate on tight profit margins and the long-term viability of their businesses rely on ensuring costs are kept to a minimum, improving energy-and protein-use efficiency should be a primary objective of dairy producers interested in reducing land use, water use, and GHG emissions. To estimate the cost required to reducing these environmental impacts, continuous curvilinear relationships were derived from the achievable GHG emissions, land use, and water use reductions predicted as the budget constraint relaxed (Fig. 5) . The increased cost required to reduce environmental impact by 25% was 42% lower in LAE than in LA and 31% lower in LAP than in LA. Improving energy-and protein-use efficiency had remarkable benefits from an economic perspective. Cost required to achieve a 25% reduction in land use, water use, and GHG emissions was 81% lower in LAEP than in LA. Collectively, these data suggest that animal-nutrition research oriented at improving energy-and protein-use efficiency is vital to efforts to improve GHG emissions and reduce resource use in dairy production systems.
Conclusions
The diet optimization model presented in this study is a unique approach to identifying nutritional management strategies to decrease GHG emissions, land use, and water use of dairy production systems. Given currently available feedstuffs, substantial opportunity exists to decrease land use, water use, and GHG emissions of dairy production systems with nominal on-farm cost increases. Evaluation of the environmental benefits of future animal-nutrition research demonstrated that improved energy and protein efficiency greatly reduced the cost of achieving targeted reductions in land use, water use, and GHG emissions.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.agsy.2016.03.013.
